Powdery mildew is one of the world's most widespread and damaging diseases of greenhouse and fi eld-grown cucumbers (Cucumis sativus L.). The most frequently cited causal agents are Golovinomyces cichoracearum Gelyuta (syn. Erysiphe cichoracearum DC) and Podosphaera xanthii (Castagne) Braun and Shishkoff (syn. Sphaerotheca fuliginea (Schlecht.) Poll.). In early reports (Barnes and Epps, 1956; Whitaker and Davis, 1962) , G. cichoracearum was identifi ed as the primary causal agent in the United States, but more recent studies indicate that P. xanthii is the more common pathogen in the U.S. (Ballantyne, 1975; McCreight et al., 1987) . Both species were observed on Cucumis melo L. in France, with P. xanthii isolated alone in 79% of the cases, G. cichoracearum isolated alone in 18% of the cases, and the remainder a mixture of both fungi (Pitrat et al., 1998) . The primary causal agent in the U.S. may have shifted toward P. xanthii over time, but there were probable misidentifi cations in some of the older literature. The two species can be diffi cult to differentiate in the absence of the perfect stage, but useful identifi cation methods are now available. Podosphaera xanthii can be distinguished from G. cichoracearum by the presence of well-defi ned fi brosin bodies in the conidia and the occasional production of forked germination tubes (Boesewinkel, 1980; Kable and Ballantyne, 1963) . Fibrosin bodies are visible with a light microscope, appearing as conical, disc and rod-shaped structures when the conidia are mounted in 3% aqueous KOH (Kable and Ballantyne, 1963) . No races of P. xanthii have been reported from cucumber, although multiple races have been reported from muskmelon (C. melo) (Hosoya et al., 2000; McCreight et al., 1987; Pitrat et al., 1998) .
Disease resistance from introduced germplasm has long been a valuable tool for controlling powdery mildew in cucumber. Much of the early breeding work in the U.S. and sources of resistance was summarized by Peterson (1975) and was recently updated by Jahn et al. (2002) . Two of the early examples of cucumber powdery mildew resistance from introduced germplasm were 'Puerto Rico 37' (Smith, 1948) and 'SC-50' (Barnes and Epps, 1956) . 'Puerto Rico 37' derives its resistance from 'Chinese Long', originally introduced as a source of cucumber mosaic virus resistance (Jahn et al., 2002) , while 'SC-50' derives its resistance from the Indian accession, PI 197087 (Barnes and Epps, 1956 ).
The U.S. National Plant Germplasm System (NPGS) cucumber collection contains more than 1400 C. sativus accessions, but little is known about the extent of powdery mildew resistance present in the collection. Therefore, the objectives of this study were 1) to screen a large number of accessions from the NPGS collection for powdery mildew reaction, 2) to identify the most resistant accessions, and 3) to compare powdery mildew spore production on susceptible, intermediate, and resistant cucumbers under greenhouse and fi eld conditions.
Materials and Methods
Greenhouse evaluation procedures. In total, 977 accessions from the cucumber germplasm collection held at the North Central Regional Plant Introduction Station (NCRPIS) at Ames, Iowa, were evaluated for powdery mildew resistance. The initial screening was conducted on cucumber Plant introductions (PIs) in a winter greenhouse by evaluating one replication of 10 plants per accession. The cucumbers were grown in 38 × 53 × 9 cm rectangular metal fl ats containing fi ve accessions planted in single rows, with 10 plants per row. A susceptible check cultivar, 'National Pickling', was planted in every second fl at and a moderately resistant check variety (intermediate-type reaction), either 'Galaxy' or 'Poinsett', was planted in every fi fth fl at. Evaluations were conducted at a room temperature of 25 °C day and 22 °C night with a 12-h photoperiod.
Accessions that were 100% susceptible were not evaluated again. 1987-88, in 1995, and in 2001-02 . Thus, all of the accessions subjected to retests were exposed to two or three unique P. xanthii isolates. Repeated testing of individual accessions with different isolates provided a good assessment of the reliability or reproducibility of the data.
Inoculum preparation and application. The P. xanthii isolates were maintained on young plants of the cultivar 'National Pickling' throughout the winter. To obtain spores for inoculation, several heavily infected leaves were soaked in deionized water with Tween 20 surfactant added at 0.02% (about 4 drops/L). The suspension was fi ltered through two layers of cheesecloth and spore concentration was adjusted to 50,000 to 75,000/mL. The suspension was applied to cucumber seedlings using a 1-L hand sprayer. Plants were inoculated three times, fi rst when the cotyledons were fully expanded and twice more at 3 to 4 d intervals. Inoculations were made in the late afternoon, but no special precautions were taken other than turning off the air circulation fans overnight and spraying the concrete fl oor with water to increase humidity. 
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Disease ratings. The fi rst signs of infection usually appeared as small, faintly visible mildew colonies 3 to 4 d after inoculation. Disease was well developed after 11 to 12 d and leaves and stems of susceptible accessions were normally covered with mildew mycelia and spores by this time. Disease reaction was recorded on individual plants of each PI at 18 and 21 d after the fi rst inoculation. Ratings were based on hypocotyl, stem, petiole and leaf reactions following a three part rating scale based on that described by Shanmugasundaram et al. (1971) , where susceptible (S) indicated that development was unrestricted; cotyledons, stems, both sides of the leaves, hypocotyls and petioles were covered with mildew mycelia and spores. Intermediate or moderately resistant (I) indicated that stems, petioles, and hypocotyls were clean; leaves had visible mildew development over the entire upper leaf surface and sporulation ranged from mild to heavy. Resistant (R) indicated that stems, petioles, and hypocotyls were clean; mildew colony development and sporulation on leaves was highly restricted with no visible mildew or only a faint fi lm of visible mycelium. Both the intermediate and resistant reaction types identify potentially useful germplasm. The intermediate reaction type corresponds to moderately resistant germplasm while the resistant reaction type corresponds to highly resistant germplasm.
Quantitative study of powdery mildew spore production. A subset of eight accessions and two cultivars were selected for a quantitative study of powdery mildew spore production. The main goal of the study was to determine if spore counts would be an improvement over visual ratings for differentiating intermediate from resistant accessions. Entries were selected to represent a range of disease reactions from susceptible through resistant. Two entries were considered to be 100% susceptible ('Marketer' and 'Ashley'), three contained predominantly (>75%) intermediate plants (PIs 234517, 432895, and 451976) , and fi ve contained predominantly (>90%) resistant plants (PIs 197088, 288238, 321006, 390258, and 426170 (1975) reported it as the most resistant line in previous Iowa tests and because of its historical value as a source of mildew resistance (Jahn et al., 2002; Munger, 1988) . The few susceptible plants found in PI 432895 and PI 288238 were discarded before leaf sampling began. All accessions were grown in the same metal fl ats used for the preliminary screening, with one accession of 50 plants in each fl at. Flats were arranged in a randomized complete block design with four replications. Plants were inoculated as previously described. Leaves were sampled at 1-week intervals, beginning 19 d after the fi rst inoculation, and continuing for 3 weeks. On each sampling date, 15 leaves were collected per fl at and two disks were punched from each leaf with a 12 mm diameter cork borer (1.13 cm 2 ). Mildew sporulation occurred mainly on the upper leaf surface, and therefore only the upper surface was used to calculate the total leaf area represented by the 30 disks (33.9 cm 2 ). The 30 disks were placed in a 125-mL erlenmeyer fl ask containing 20 mL of deionized water plus Tween 20 at 2 drops/L. Flasks were placed on a reciprocating shaker at 150-175 rpm for 25 to 30 min. After removal from the shaker, spore counts were made using a hemacytometer counting chamber. Spore counts were converted to spores/mL of water and then to the spores per cm 2 of leaf tissue. The spore production study was carried out twice in the greenhouse and once in the fi eld. Field plots consisted of 5 m long rows, containing about 20 plants per row, with four replicates arranged in a randomized complete block design. Field plots were inoculated, sampled, and processed in the manner described for the greenhouse. Because disease development progressed very slowly in the fi eld, the initial sampling was delayed until mid-August, 38 days after the fi rst inoculation. Samples were collected at weekly intervals for fi ve weeks.
Analyses of variance were performed on the spore count data using PC-SAS version 8.02 (SAS Institute, Cary, N.C.). Data from the two greenhouse (GH) tests were pooled for analysis after meeting an F test for homogeneity of error variances (Gomez and Gomez, 1984) . Separate analyses were done for the 19-d and 26-d counts. The 33-d GH data were not used to evaluate differences among PIs because spore counts either remained static when compared to the 26-d counts or declined due to leaf senescence. Because disease development was so slow in the fi eld, only the week fi ve data (peak spore counts) were used in the analysis of variance. For all of the data analyses, treatment means (PIs) were compared using the Waller-Duncan least signifi cant difference test.
Results and Discussion
Greenhouse evaluations of cucumber accessions. In the greenhouse tests, 94 of the 977 accessions (9.6%) contained at least one plant that showed an intermediate (I) or high (R) level of powdery mildew (P. xanthii) resistance ( (Clark et al., 1991) . Segregation for powdery mildew resistance would be expected if the original germplasm samples were heterozygous for genes conferring resistance to powdery mildew. There was a notable absence of resistance in some of the larger germplasm groups, such as accessions from Turkey (0 of 172), the former nation of Yugoslavia (0 of 65), Iran (0 of 62) and Spain (0 of 47) ( Table 1) . We found no resistance among 278 accessions tested from Middle Eastern countries and only four resistant (includes I and R-types) accessions among 227 tested from European countries. Of the 94 PIs with intermediate or resistant plants, only eight were not directly traceable to southern or eastern Asia. The countries of China, India, and Japan were particularly well represented with 41, 13, and 11 resistant accessions, respectively. The eight exceptions were PI 422186 ('Numerus') and PI 422199 ('Witlo') from the Netherlands, PI 531313 ('Kecskemeti Livme') from Hungary, PI 506461 ('Parad 176') from the Ukraine, PI 435946 ('Konkurent') and PI 435947 ('Parad') from Russia, PI 414159 ('Lehau No. 1') from Hawaii, and PI 385967 ('Cool and Crisp') from Kenya. The original source of the resistance in these accessions was probably from introduced germplasm, as none of these accessions could be considered a traditional landrace, but likely resulted from intentional breeding and selection.
Cultivated cucumber (C. sativus) is indigenous to India, having been domesticated there for at least 3,000 years (Leppik, 1966; Whitaker and Davis, 1962) with China considered as a secondary center for diversity (Leppik, 1966; Walters, 1989) . Cucumber breeders in western Europe and North America have long used germplasm from China, Japan, India, and other Asian countries in powdery mildew resistance breeding (Barnes and Epps, 1956; Kooistra, 1968; Zijlstra and Groot, 1992) . For example, Kooistra (1968) crossed the mildew-resistant Japanese cultivar 'Natsufushinari' with the less resistant PI 200815 from Myanmar, and found a few plants that were superior in resistance to either parent. 'Natsufushinari' is maintained in the NPGS collection as PI 279465 and showed excellent resistance in our evaluations with 32% I and 68% R-type plants. PI 200815 contained a mixture of 46% susceptible, 37% intermediate, and 17% resistant plants in our evaluations (Table 1) .
Four U.S. accessions were classifi ed as having some level of mildew resistance, PI 234517 ('SC-50'), PI 414159 ('Lehau No. 1'), PI 561147 ('Spartan Salad') and PI 561148 ('Marketmore 76'). The source of the powdery mildew resistance in PI 414159 is not documented in GRIN, but the resistance genes for the other three are traced to India and Japan. PI 234517 was derived from a backcross of ('Ashley' × PI 197087) × 'Ashley' (Barnes and Epps, 1956) . PI 197087 was collected in 1951 from Assam, India and had 50% susceptible, 43% intermediate, and 7% resistant plants in our tests. The Japanese accession PI 212233 was the source of powdery mildew resistance in developing 'Spartan Salad' (Jahn et al., 2002) . 'Spartan Salad' was then used as the powdery mildew resistance source for 'Marketmore 76' . PI 212233 was rated as 100% intermediate in our tests (Table 1) , consistent with the results of Shanmugasundaram et al. (1971) , who concluded that PI 212233 had a major recessive gene s that conferred hypocotyl resistance, but lacked a dominant gene R for leaf resistance. Leaf resistance R was only expressed in the presence of hypocotyl resistance. Jahn et al. (2002) recently suggested that the linked gene for powdery mildew resistance be referred to as pm-s instead of s.
Highly powdery mildew-resistant accessions. Twenty accessions were considered highly powdery mildew-resistant, defi ned in this study as containing 50% or more R-type plants (Table  1) . Eighteen of the 20 accessions were easily traced to Asian backgrounds, the exceptions being PI 531313 (Hungary) and PI 385967 (Kenya). Six accessions had 100% R-type plants, PI 197088 from India, PI 321006 from Taiwan, PI 330628 from Pakistan, PI 390258 from Japan, and PIs 418964 and 432870 from China.
Usefulness of the S-I-R disease rating method. The S-I-R rating method was effective for identifying powdery mildew resistant accessions, but was not useful for sorting resistance, from higher to lower, within the large group of accessions that clustered in the intermediate category. Shanmugasundaram et al. (1971) , where only one to two colonies per leaf, or only chlorotic spots were found. The most resistant accessions in our studies had a faint, but uniform fi lm of mycelium over much of their upper leaf surfaces. The difference in the type of resistant (R) reaction observed in this study may have been due to inoculation method. Shanmugasundaram et al. (1971) inoculated plants by dusting dry conidia onto them, whereas the spray used in this study likely distributed inoculum more uniformly and may have increased the inoculum dose per square centimeter of leaf area.
There was an interesting series of Chinese accessions from PI 432868 through PI 432897, as 26 of these 30 PIs contained resistant (I or R-type) plants (Table 1) . Eight of the accessions consistently had every plant rate in the intermediate category. In the other 18 resistant accessions, however, there were perceptible differences in sporulation among plants within accessions. These accessions contained mixtures of susceptible and intermediate (S and I) plant types, mixtures of intermediate and resistant (I and R) plant types, or mixtures of all three (S, I and R) plant types.
Quantitative study of mildew spore counts. The fi ve accessions chosen as the resistant group for the quantitative study (PIs 197088, 288238, 321006, 390258, and 426170) showed no signifi cant differences among them at the 19-d GH count or during the fi eld study, except for PI 426170. PI 426170 fell between the resistant and intermediate groups at the 19-d GH count, clustered with the intermediate accessions at the 26-d GH count, and was intermediate in the fi eld test (Table 2) . PI 426170 had 9% intermediate plants in the original visual evaluations, the only accession in the resistant group that contained any intermediate plants. Based on the sporulation data, the resistance in PI 426170 would probably be more accurately classifi ed as intermediate rather than highly resistant.
Three of the other four accessions in the resistant group performed signifi cantly better than the intermediate and susceptible entries at every Table 2 . Powdery mildew (Podosphaera xanthii) spore counts from leaf disk assays of greenhouse-grown (GH) and fi eld-grown plants. counting date. The exception was PI 321006, which ranked in the middle of the resistant group at the 19-d GH count, but fell to the bottom of that group and overlapped one of the accessions from the intermediate group at both the 26-d count and in the fi eld study (Table 2) . Because spore counts were so low in the fi eld study, this observation was not thought to be of practical importance for cucumber production. PI 451976 ('Yomaki') was the least resistant of the intermediate accessions (PI 234517, PI 432895, and PI 451976) , based on the 26-d GH counts and the fi eld counts. After 26 d, PI 451976 had signifi cantly fewer spores/cm 2 than the susceptible checks 'Ashley' and 'Marketer', but signifi cantly more than the other intermediate and resistant entries. In the fi eld, PI 451976 performed no better than 'Ashley' in terms of preventing sporulation. Because all of the intermediate cucumbers seemed to maintain their leaves, i.e., stay green, longer than the susceptible cultivars, there was still a potential benefi t from PI 451976. One interesting note was that the resistance in PI 288238 was dramatically better than in PI 451976, though both are apparently selections from the same Japanese cultivar, 'Yomaki'. Selections from 'Yomaki' were made for mildew resistance at Cairo University in Egypt, with additional selection at Cornell University to develop PI 288238 (Jahn et al., 2002; Munger, 1988) .
Mildew reproduction was considerably lower in the fi eld than in the greenhouse on all cucumbers tested, including the susceptible checks. Powdery mildew was barely visible on the intermediate accessions and was not visible on the resistant accessions at any time during the fi eld season. Weekly fi eld spore counts for the susceptible lines 'Marketer' and 'Ashley' averaged 14,400 and 14,600 spores/cm 2 , respectively with a range of 6,000 to 23,000 spores/cm 2 (data not shown). By contrast, the 26-d GH averages for 'Marketer' and 'Ashley' were >90,000 spores/cm 2 (Table 2 ). For the resistant PIs (197088, 288238, 321006, and 390258) , the weekly fi eld spore counts never exceeded the range from zero to 1300 spores/cm 2 (data not shown). As expected, the spore counts from the intermediate accessions fell between the resistant and susceptible accessions in the fi eld, but intermediate resistance seemed to be adequate for season-long mildew protection.
The quantitative estimates of mildew levels from washed leaf disks were effective for ranking accessions in this study. In general, the 19-d GH counts seemed to be a bit too soon to be optimal, while the 26-d GH counts seemed to give a better measure of the maximum spore load allowed by an accession. The reduced mildew spore counts in the fi eld might be infl uenced in part by environmental factors such as wind, rain, humidity, and high temperatures. Yarwood (1957) , in a review of powdery mildew pathosystems, noted that high temperature was the one factor consistently correlated with reduced mildew growth on many plants. More evidence for a temperature effect came when Munger (1979) noted that moderately resistant cucumbers grown at greenhouse temperatures of 15 to 21 °C seemed to be more susceptible than the same varieties grown at 21 to 27 °C.
This fi nding was supported by Morishita et al. (2003) , who showed that some varieties, such as Natsufushinari, were resistant at 25 to 30 °C, but susceptible at 15 to 20 °C. Resistance in other types, such as PI 197088, was independent of temperature and thought to be due to more than one resistance gene. Morishita et al. (2003) 
Conclusions
The results of our evaluations clearly demonstrated that there are signifi cant and valuable sources of powdery mildew resistance in the NPGS cucumber germplasm collection. Many of the resistant accessions are non-uniform, containing mixtures of mildew reaction types. However, selections could be made to improve or stabilize resistance. Most of the resistance is found in accessions of Asian origin, some of which are actually highly selected cultivars with resistance to multiple diseases. Such germplasm potentially provides a ready source of mildew resistance without the detrimental genes often associated with less developed germplasm. Resistance to cucumber mosaic virus, downy mildew and anthracnose has previously been noted from Asian germplasm (Jahn et al., 2002; Peterson, 1975) and additional disease resistance may be found by focusing future evaluations on this material. Staub et al. (1997 Staub et al. ( , 1999 compared the genetic variability (isozyme profi les) in cucumbers from a 1992 U.S.-India expedition (Staub et al., 1997) and from 1994 and 1996 U.S.-China collaborations (Staub et al., 1999) with genetic variability in earlier NPGS cucumber accessions. They concluded that the newer collections resulted in a distinct broadening of available genetic diversity. Furthermore, they concluded that the Indian and Chinese germplasm represented some of the most diverse genetic variation available in the NPGS collection (Staub et al., 1997 (Staub et al., , 1999 and recommended focusing future cucumber collections on India and China, as it is unlikely that the entire range of variability has been collected and conserved. In this study, we tested all of the accessions from the 1992 India collection, but relatively few of the 1994 and 1996 accessions from China because adequate seed supplies were not yet available. The recently added Chinese germplasm would be good candidates for future powdery mildew resistance evaluations as well as resistance to other diseases.
